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Differential Sulfations and Epimerization
Define Heparan Sulfate Specificity
in Nervous System Development
receptors and to ensure their efficient interactions (Bern-
field et al., 1999; Perrimon and Bernfield, 2000).
A striking feature of the HS chain of HSPGs is their
enormous molecular complexity, best illustrated if one
considers the biosynthetic steps that create HS. After
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initial polymerization of N-acetylglucosamine and glu-College of Physicians and Surgeons
curonic acid, the HS chain is partly deacetylated andNew York, New York 10032
resulfated, thereby creating domains within the chain
of sulfated, sulfated/acetylated, and merely acetylated
glucosamine residues (Figure 1B; Lindahl et al., 1998).Summary
In a series of modifications, some glucuronic acid units
are then epimerized to the isomeric iduronic acid by theHeparan sulfate proteoglycans (HSPG) are compo-
specific glucuronyl C5-epimerase. In addition, sulfationnents of the extracellular matrix through which axons
of the hydroxyl group in positions C2 of the hexuronicnavigate to reach their targets. The heparan sulfate
acid moiety and in position C6 and C3 on the glucos-(HS) side chains of HSPGs show complex and differen-
amine entity are executed by a set of highly selectivetially regulated patterns of secondary modifications,
sulfotransferases (HS-2O-, 6O-, and 3O-sulfotransfer-including sulfations of distinct hydroxyl groups and
ases) (Figures 1B and 1C). Since these modifications areepimerization of an asymmetric carbon atom. These
nonuniformly and differentially introduced on individualmodifications endow the HSPG-containing extracellu-
sugar moieties in the HS chain, they create an enormouslar matrix with the potential to code for an enormous
molecular diversity that makes HS possibly one of themolecular diversity. Attempting to decode this diver-
most information-dense macromolecules in biologysity, we analyzed C. elegans animals lacking three
(Turnbull et al., 2001). However, in contrast to the recog-HS-modifying enzymes, glucuronyl C5-epimerase,
nition of the general importance of initial HS chain syn-heparan 6O-sulfotransferase, and 2O-sulfotransfer-
thesis, the physiological relevance of the structural com-ase. Each of the mutant animals exhibit distinct as well
plexity introduced through secondary modifications inas overlapping axonal and cellular guidance defects in
the HS chains has so far been largely unexplored. Firstspecific neuron classes. We have linked individual HS
steps toward an understanding of the physiological im-modifications to two specific guidance systems, the
portance of heparan side chain modifications were pro-sax-3/Robo and kal-1/Anosmin-1 systems, whose ac-
vided by partial chemical removal in vitro of selectedtivity is dependent on different HS modifications in
O-sulfate groups from animal tissue explants leading todifferent cellular contexts. Our results demonstrate
defects in axon outgrowth (Irie et al., 2002). However,that the molecular diversity in HS encodes information
since this removal was only partial and since pleiotropicthat is crucial for different aspects of neuronal devel-
effects of these chemical treatments can not be ex-opment.
cluded, genetic elimination of the activity of the individ-
ual sugar-modifying enzymes is likely to be the mostIntroduction
conclusive strategy to identify the relevance of these
modifications. Mice and flies that lack individual modifi-In the developing nervous system, migrating growth
cation enzymes, such as the C5-epimerase, 2O-, or 3O-cones are presented with a variety of secreted guidance
sulfotransferases, either have very early embryonic pat-
cues that are embedded within extracellular matrices
terning defects or die perinatally (Forsberg and Kjellen,
(ECMs; Figure 1A; Letourneau et al., 1992). ECMs are
2001; Li et al., 2003; Perrimon and Bernfield, 2000;
composed of several proteineacous components, in- Shworak et al., 2003). The function of these enzymes in
cluding heparan sulfate proteoglycans (HSPGs) (Bandt- nervous system development has not been reported
low and Zimmermann, 2000), which are either secreted to date. It is tempting to speculate that the molecular
or membrane bound proteins that contain long heparan diversity of HS chains provides a molecular correlate to
sulfate (HS) polysaccharide chains (Bernfield et al., 1999; cellular complexity in the nervous system.
Esko and Selleck, 2002; Lindahl et al., 1998). The general We provide here evidence for the importance of HS
importance of HSPGs has been well illustrated in animal modifications and hence HS molecular diversity in ner-
model systems, which demonstrated that genetic re- vous system development. We describe null mutants in
moval of the enzymes involved in HS polymerization the single orthologs of three C. elegans HS-modifying
reactions causes severe and early developmental pat- enzymes: the HS 6O-sulfotransferase and the HS gluc-
terning defects conferred by a disruption of a variety of uronyl C5-epimerase, both of which we isolated in a
distinct signaling pathways (Herman and Horvitz, 1999; suppressor screen of a HS-dependent axon branching
Inatani et al., 2003; Morio et al., 2003; Perrimon and phenotype. In addition, we analyzed animals lacking HS
Bernfield, 2000). Together with biochemical studies, 2O-sulfotransferase. We undertook a broad character-
these observations have led to the model that HSPGs ization of the functions of these three enzymes in ner-
serve as cofactors to recruit ligands to their cognate vous system development and find that each individual
enzyme affects specific aspects in the development of
defined neuron subclasses. We present genetic evi-*Correspondence: or38@columbia.edu
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dence that the HS molecular diversity generated by
these modifications controls signaling pathways differ-
entially.
Results
Heparan Sulfate-Modifying Enzymes in C. elegans
Biochemical analysis has demonstrated that C. elegans
produces heparan sulfate containing all modifications
previously described in other organisms including N-
and O-sulfation and epimerization of glucuronic acid
(Toyoda et al., 2000; Yamada et al., 1999). Sequence
homology searching with the BLAST algorithm reveals
that the C. elegans genome contains single orthologs
of all known major HSPG core proteins, namely a single
ortholog of syndecan (F57C7.3), glypican (F59D12.4),
perlecan (unc-52) (Rogalski et al., 1993), and agrin
(F41G3.8) (Hutter et al., 2000). Moreover, we find single
orthologs of all known HS-modifying enzymes, including
a single HS 6O-sulfotransferase, termed hst-6 (Bu¨low
et al., 2002), a single HS C5 glucuronyl epimerase, which
we term hse-5, and a single HS 2O-sulfotransferase,
termed hst-2 (Figures 2A–2C; for complete alignments
and dendograms, see Supplemental Data at http://
www.neuron.org/cgi/content/full/41/5/723/DC1).
Mutant Alleles of hse-5, hst-2, and hst-6
We have retrieved mutant alleles in the C5-epimerase
hse-5, the 2O-sulfotransferase hst-2, and the 6O-sulfo-
transferase hst-6 by two different approaches. First, we
identified strong loss-of-function if not null alleles of two
enzymes, hst-6 and hse-5, in a screen for mutants that
modify an axon branching defect induced by ectopic
expression of kal-1, the C. elegans ortholog of the human
Kallmann Syndrome gene 1 (see Experimental Proce-
dures for details on the positional cloning of the genes) Figure 1. Heparan Sulfates Provide Molecular Diversity to the Extra-
(Bu¨low et al., 2002). Second, we obtained predicted null cellular Matrix
alleles of all three enzymes from a screen of a chemical- (A) Schematic cross-section of an adult worm. The intestine and
gonad are omitted for clarity. Axons run in fascicles sandwichedinduced library of mutant worms for a deletion in each
between the hypodermis and the ECM (basement membrane). Com-locus (Figures 2A–2C). The high substrate specificity of
ponents of the ECM shown in this cross-section originate from differ-the mammalian counterparts of these enzymes has been
ent surrounding tissue types (Huang et al., 2003). Characteristic for
demonstrated in vitro (Habuchi, 2000; Li et al., 2001), C. elegans are separated, asymmetric fascicles in the ventral nerve
indicating that worms with molecular null alleles in a cord that run on both sides of the midline, demarcated by motor
neuron cell bodies and the hypodermal ridge, an evagination ofgiven gene completely lack a particular modification
the hypodermis.within their HS side chains. Since chondroitin appears
(B) Schematic of the biosynthesis of heparan sulfate. The black boxnot to be secondarily modified in nematodes (Toyoda
indicates a characteristic tetrasaccharide linker region that links the
et al., 2000), the loss of these C. elegans enzymes will HS chain to a serine in the core protein. Differential N-deactylation/
specifically affect heparan sulfate proteoglycans and N-sulfation creates domains in the HS chain that contain mostly
not chondroitin sulfate proteoglycans. N-sulfated glucosamine (NS), both N-sulfated and N-acetyled glu-
cosamine (NS/NA), and mostly N-acetylated glucosamine (NA).Animals that lack enzymes which catalyze the poly-
(C) The disaccharide repeat unit consisting of glucuronic acid andmerization of the sugar entities or are involved in their
acetyl-glucosamine that is characteristic for HS. The modifications
respective intracellular transport have been isolated in introduced by the HST and HSE enzymes are indicated.
a screen for mutants with morphologically defective vul-
vae and were found to cause maternal effect lethality
(Herman et al., 1999; Herman and Horvitz, 1999; Hwang chain synthesis, we find that animals bearing null muta-
and Horvitz, 2002a, 2002b; Hwang et al., 2003). Similarly, tions in the HS-modifying enzymes hse-5, hst-2, and
a mutant in rib-2, the C. elegans homolog of the EXT hst-6 are viable and fertile (Figure 2D), indicating a more
tumor suppressor genes that codes for a heparan poly- specialized function of HS modifications.
merase, exhibits maternal effect lethality (Morio et al., We asked whether animals deficient in HS-modifying
enzymes exhibit any obvious defects in two signaling2003). In striking contrast to the essential nature of HS
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pathways that are particularly well known to require
HSPGs in flies or vertebrates, namely FGF and TGF
signaling (Ornitz, 2000; Perrimon and Bernfield, 2000;
Tsuda et al., 1999). Defects in signaling of the sole homo-
log of the FGF receptor in C. elegans, egl-15, causes
sex myoblast migration defects and larval lethality (Bor-
land et al., 2001), yet we do not find comparable defects
in hse-5, hst-2, and hst-6 mutants. This observation is
particularly remarkable in light of previous biochemical
evidence suggesting an important role for 6O-sulfation
in FGFR activation (summarized in Nakato and Kimata,
2002). Loss of the single ortholog of the type II TGF
receptor daf-4 causes constitutive arrest in the dauer
program, an alternative developmental program that C.
elegans enters under adverse living conditions (Estevez
et al., 1993), yet none of the HS modification mutants
form constitutive dauers under similar conditions. Fi-
nally, we note that the mutations in the three HS-modi-
fying enzymes do not result in the strong locomotory
defects or embryonic paralysis that are characteristic
of the loss of the only HSPG core protein for which
a mutant phenotype has been reported in C. elegans,
namely unc-52/perlecan (Rogalski et al., 1993). Taken
together, these experiments suggest that the aforemen-
tioned pathways are, at least in the cellular contexts
examined, not solely dependent on either C5-epimer-
ized, 2O-sulfated, or 6O-sulfated HS.
Heparan-Modifying Enzymes Exhibit Specific
Neuronal Defects
Since HSPGs are integral components of extracellular
matrices and since developing axonal tracts in C. ele-
gans are in close contact with extracellular matrices
(Figure 1A; Durbin, 1987; Hedgecock et al., 1987), we
assessed the impact of hse-5, hst-2, and hst-6 on ner-
vous system development by visualizing the structure
of the nervous systems with gfp reporter transgenes.
Using a panneuronal gfp reporter strain, we find that
the nervous system is grossly intact in all mutants, with
the overall organization into the major ganglia and nerve
bundles being unaffected (data not shown). Reporter
strains that label individual subsets of neurons, how-
ever, reveal a defined set of axonal patterning defects,
which we describe in detail below.
Figure 2. HSE-5, HST-2, and HST-6 Are Heparan Sulfate-Modi- Ventral Midline Interneurons
fying Enzymes The ventral nerve cord of C. elegans normally contains
(A–C) Genomic locus of hse-5, hst-2, and hst-6 and location of two distinct left and right fascicles separated by motor
mutant alleles. Homology to vertebrate and fly orthologs is indicated
neuron cell bodies and a hypodermal ridge (Figure 1A).only in the region in which mutations in the respective alleles can
Two types of ventral cord interneurons, the PVPL/R andbe found. A complete alignment of the whole protein sequence
PVQL/R interneuron classes, whose cell bodies are lo-to each of its vertebrate and fly orthologs can be found in the
Supplemental Data at http://www.neuron.org/cgi/content/full/41/5/ cated in the tail, send axons along the entire length of
723/DC1. the left and right ventral cord fascicles (Figure 3A). In
(A) Genomic locus of hse-5. The ot16 allele was retrieved in a screen hse-5, hst-2, and hst-6 mutant animals, we observe mid-
for kal-1(gf) suppressors (Bu¨low et al., 2002). Three factor mapping
line crossover defects of PVQL and PVQR as well asdata is shown. ot16 is a missense mutation in a perfectly conserved
PVPL and PVPR axons, with either contralateral analogglycine residue which introduces a negatively charged amino acid
inappropriately crossing the midline (Figure 3A; Tablein an otherwise positively charged C terminus that is indispensable
for enzymatic function (Crawford et al., 2001). 1). These defects are more penetrant in hse-5 and hst-2
(B) Genomic locus of hst-2. mutants compared to hst-6 null mutants.
(C) Genomic locus of hst-6 with the mutations ot17 and ot19 is The cell bodies of the AVK interneuron class are lo-
shown as previously described (Bu¨low et al., 2002) with the addi-
cated in the head region and send their axons in thetional deletion allele ok273 now being included.
anterior to posterior direction along the left and right(D) Null alleles of hse-5, hst-2, and hst-6, are viable, fertile, and
ventral cord. These axons show midline crossover de-display no obvious morphological abnormalities. hse-5 mutants ap-
pear to leave slightly irregular locomotory tracks. fects as well; in contrast to the PVP and PVQ cases,
Neuron
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Figure 3. Ventral Cord Neurons Are Defective in hse-5, hst-2, and hst-6 Mutants
(A) PVQL/R axon morphology scored with the oyIs14 gfp transgene. Crossover defects (arrowheads) are observed in all three mutants; a
representative example is shown in hse-5(ot16) mutants.
(B) AVKL/R axon morphology scored with the bwIs2 gfp transgene. Crossover defects (arrowheads) are observed in hse-5 but not hst-2 and
hst-6 mutants.
(C and D) HSN motor neuron migration and axon morphology scored with the mgIs71 marker. White stars denote location of the vulva. Panel
(C) shows an example of cell migration defects (white arrowheads point to HSN cell body position in adult animals), panel (D) shows axon
midline crossover defects (white arrowheads).
Anterior is to the left in all panels. Black stars point to gut autofluorescence. All animals were scored as adults.
those defects are only observed in hse-5 mutants, but in HSN axon morphology such that one HSN axon inap-
propriately projects contralaterally (Figure 3D). Similarnot in hst-6 or hst-2 mutants (Figure 3B; Table 1).
HSN Motor Neurons to the situation in PVP and PVQ neurons, the axonal
defects are more pronounced in hse-5 and hst-2 mu-The HSNL/R motor neurons are born embryonically in
the posterior part of the animal and migrate to the mid- tants as compared to hst-6 mutant animals. Taken to-
gether, different aspects of neuronal development ofbody region near the vulva. During late larval stages,
the HSN axons grow ventrally to innervate the vulval one neuron class require different patterns of HS modifi-
cations.muscles, join the ventral nerve cord, and then project
ipsilaterally in the respective ventral nerve cords. We Ventral Cord Motor Neurons
A different type of midline choice is made by the D-typefind that loss of hst-2 disrupts cell migration, while loss
of hse-5 or hst-6 has few if any effects (Figure 3C). In motorneurons (VD- and DD-subtypes). After initial longi-
tudinal outgrowth and fasciculation exclusively alongcontrast, all three HS-modifying mutants display defects
Heparan Sulfate Specificity in the Nervous System
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Table 1. Summary of Phenotypes in hse-5, hst-2, and hst-6 Mutants
Defect Observeda
Neurons Examined (Marker Used) hse-5(-) hst-2(-) hst-6(-)
Head Neurons
Sensory Classes
AFD sensory neurons (oyIs17) – – –
ADL (otEx404) – – –
Amphid neurons (DiI) – – –
Interneurons
AIY interneurons (mgIs18) – n.d. –
Ventral Cord Neurons
Sensory Neurons
AVM neuron (uIs25, otEx1043, zdIs5)
ventral axon guidance – – –
AVM/PVM neurons (zdIs5)
cell migration –b b –
Interneurons
AVG interneuron (otEx1082) – – –
PVT interneuron (otIs39) – – –
AVK interneurons (bwIs2)  – –
PVP interneurons (hdIs26) n.d.  
PVQ interneurons (oyIs14)   
Motor Neurons
RMEV (oxIs12)  c –
HSN motorneurons (mgIs71)
cell migration –  –
axon guidance   
D-type motorneurons (oxIs12)
fasciculation VNC  c –
midline L/R choiced  c 
circumferential growth  c –
fasciculation DNC  c –
DA/DB motorneurons (evIs82b) – – –
VA/VB motorneurons (wdIs3) – n.d. –
DVB motorneuron (oxIs12)  n.d. –
Tail Neurons
Sensory Neurons
phasmid neurons (DiI) – – –
Other Phenotypes Examined
unc-52-like pat or unc phenotype – – –
egl-15-like SM migration phenotype – – –
daf-4-like dauer phenotype – – –
a Quantitative representation of defects: minus sign, less that 10% defective, plus sign, 10%–19% defective; two plus signs, 20%–29%
defective; three plus signs, 30%–39% defective; four plus signs, 40% and more defects.
b hse-5(tm472) shows 6% defects (n  100) and hst-2(ok595) 14% defects (n  113) in AVM and PVM position where AVM or PVM is posterior
or anterior to the vulva, respectively. This is never observed in wild-type (n  170) or hst-6(ok273) (n  100).
c Data for hst-2 was obtained with the integrated array juIs76II (unc-25::gfp) due to very close linkage between oxIs12 and hst-2. Defects of,
e.g., hst-6 as well as background levels are comparable in both oxIs12 and juIs76 reporter strains (Figures 6B and 6E).
d Quantitative representation of midline guidance defects (additional commissures on the left): plus sign, 1/animal; two plus signs, 2/animal;
three plus signs, 3/animal; four plus signs, 3/animal.
the right ventral cord (schematically illustrated as Step incorrectly only in hse-5 and hst-2 mutant animals,
where roughly half of those commissures that make an1 in Figure 4B), the axons turn at the midline either to
the left or right (midline choice; Step 2 in Figure 4B), to incorrect midline choice will reach the dorsal nerve cord.
Interestingly, those commissures making the correctthen circumferentially project to the dorsal side of the
animals (Step 3), where they bifurcate and fasciculate midline choice, i.e., turn to the right side, are unaffected.
Finally, in regard to Step 4, only hse-5 and hst-2 mutantswith axons of neighboring D-type motorneurons (Step
4). In hse-5, hst-2, and hst-6 mutants, Step 1 is differen- exhibit defasciculation of the dorsal nerve cord but not
hst-6. Thus, all four steps (both in VD- and DD-subtypes)tially affected, such that hse-5 and hst-2 but not hst-6
mutants show severe defasciculation defects (Figures are defective in hse-5 and hst-2 mutants, but only Step
2 is affected in hst-6 mutant animals. D-type motorneu-4A and 4B). Step 2, the midline choice, is affected in all
three mutants; however, it is more severe in hse-5 and rons hence provide another example how different as-
pects of development and axon guidance in a givenhst-2 than hst-6 mutants. The third step is executed
Neuron
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Figure 4. Differential Effects of HS-Modifying Enzymes on Commissural Motorneurons
(A) D-type motorneurons in hse-5 mutants show defects in midline choice, fasciculation, and circumferential elongation (visualized with oxIs12
transgene). Axons that turn to the inappropriate side of the animal (schematically indicated in red) often stall prematurely and show elaborate
arborizations (arrows). Arrowheads point to ventral cord defasciculation defects. L/R denote left and right side of the VNC, respectively.
(B) D-type motorneuron development can be subdivided into four different steps, differentially affected by hse-5, hst-2, and hst-6. In 1, 2, and
3, N represents the number of animals scored. In 2, each number gives the percentage of animals that show the indicated amount of additional,
inappropriate commissures on the left side of the animal. In 3, the percentage of commissures that reach the DNC is shown. Commissures
on the right side (indicated by “R”) have made the correct midline choice, while animals with commissures on the left side (“L”) have made
the incorrect L/R choice. Note that circumferential growth is only defective in those animals that have made the incorrect choice. Adult animals
are scored, hence the defects are a sum of the defects of DD- and VD-subtype neurons.
ahst-2(ok595) was scored in a juIs76 reporter background. Defects in juIs76 and oxIs12 backgrounds are of comparable penetrance (Figures
6B and 6D).
(C) DA/DB-type motorneurons (visualized with the evIs82b transgene) look essentially wild-type, that is, few if any commissures were observed
on the incorrect side (indicated schematically in red).
Anterior is to the left in all panels.
neuron class require different combinations of HS modi- together, one given class of neurons (D-type) has differ-
ential requirements for individual HS modifications forfications.
Interestingly, the DA/DB class of motorneurons, which different aspects of development, while other classes
of motorneurons (DA/DB-type) that navigate throughmakes conceptually similar guidance choices during de-
velopment, are only marginally if at all affected in hse-5, similar territories are completely independent of these
HS modifications.hst-2, or hst-6 mutants (Figure 4C). This is particularly
striking since DA/DB motor neuron axons develop after Other Ventral Cord, Head, and Tail Neurons
Other ventral cord axons, such as those of the AVG orDD motor axons (Durbin, 1987). Our data thus demon-
strate that DA/DB motor neurons do not require intact PVT neurons, show no defects in either of the three
modifying enzyme mutants. Axons located in the tail ofDD motor neurons for appropriate development. Taken
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the animal, such as phasmid sensory axons, were also
unaffected, yet we noted ectopic neurite outgrowth de-
fects in the DVB tail motor neurons (Table 1). These
defects were observed in hse-5 but not in hst-6 mutants.
Axon patterning in head ganglia was examined by dye
filling of amphid sensory neurons and gfp labeling of
individual sensory and interneuron classes. No defects
were observed in any of the enzyme mutants (Table 1).
Taken together, loss of either of the three HS-modifying
enzymes causes highly specific axon patterning and
neuronal migration defects.
Cellular Focus of HS-Modifying Enzymes
To ask where the HS-modifying enzymes may act to
affect neuronal patterning, we utilized gfp reporter gene
analysis in transgenic animals. Inserting gfp into DNA
fragments that contained the complete respective geno-
mic locus produced no visible fluorescence. To elimi-
nate potential problems with protein stability, we thus
analyzed cis-regulatory elements located 5 of the re-
spective genomic locus. Transcriptional reporters for all
three enzymes are broadly if not ubiqitously expressed
during early embryonic stages; however, clear differ-
ences in expression levels can be observed in different
regions of the embryo (Figures 5A–5C). During late em-
bryonic and postembryonic stages, reporter gene fu- Figure 5. Focus of Action of HS-Modifying Enzymes
sions of all three HS-modifying enzymes display more (A–C) Expression of hse-5, hst-2, and hst-6 reporter gene constructs.
restricted and only partially overlapping expression pat- Fusions contain all the 5 upstream region to the preceding gene.
Expression of hse-5::gfp in comma stage embryos is strong in theterns (Figures 5A–5C). Specifically, the hse-5 and hst-2
hypodermis and intestine and weaker in the head region (A). hst-2::reporter constructs show expression in hypodermal tis-
gfp and hst-6::gfp are ubiquitously expressed in late gastrulationsues, while the hst-6 reporter displays expression in
(left panel in B and C) and comma stage embryos (middle panel in
neuronal tissues. To test whether these expression pat- B and C). Expression levels of hst-2::gfp is stronger in intestinal
terns provide an accurate reflection of endogenous pro- cells than in surrounding tissue. Expression of all three reporter
tein function, we conducted cell-specific rescue experi- constructs perdures in a more tissue-restricted manner in late em-
bryos, larval, and adult stages (right panels each). hse-5::gfp expres-ments of the midline crossover defects of PVQ axons.
sion is primarily seen in the hypodermis (A) and the intestine (nothse-5 or hst-2 expressed under the control of hypoder-
shown; the animal shown for hse-5 exhibits expression exclusivelymis-specific cis-regulatory elements from the dpy-7
in the hypodermis due to mosaicism). hst-2::gfp shows a wider
gene (Gilleard et al., 1997) can rescue the defects of expression pattern in adults, e.g., in the hypodermis (white arrow-
hse-5 and hst-2 mutants, respectively (Figure 5D). In heads, hypodermal ridge; black arrowheads, lateral hypodermis)
contrast, while hst-6 driven under control of its own and a restricted set of ventral motorneurons (white arrows) (B),
whereas expression for hst-6::gfp is primarily observed in the ner-promoter can rescue the hst-6 mutant phenotype, hst-6
vous system (C).driven by the hypodermal dpy-7 promoter does not pro-
(D) Rescue of the PVQ axon crossover phenotype with differentvide such rescue (Figure 5D). Hence, hst-6 may have a
expression constructs. The number of extrachromosomal lines for
different cellular focus of action than hst-2 and hse-5. a particular construct that rescue the defect is shown. Promoters
In summary, although it is possible that our reporter are not to scale and comprise 216 nt for dpy-7 and 631 nt for hst-6.
gene constructs lack regulatory elements, we consider a3 out of 6 rescuing lines showed partial rescue (50%–75%) of the de-
fects.the results of our rescue experiments in conjunction
b2 out of 3 rescuing lines showed partial rescue (50%–75%) ofwith the switch from broad to more cell type-specific
the defects.expression patterns in all reporter constructs an indica-
tion that patterns of HS modifications are not uniform.
This notion is consistent with the finding that HS isolated requires all three modification for its interaction with
from different vertebrate tissues differs in its molecular HSPGs). We find that hse-5; hst-2 double null mutant
composition depending on age and type of tissue ana- animals show no more severe defects than the single
lyzed (Feyzi et al., 1998; Lindahl et al., 1995). mutants (Figure 6A), suggesting that GlcA epimerization
and 2O-sulfation exert their effect on PVQ axons through
a common mechanism, such as recruitment of one spe-Genetic Interactions among
HS-Modifying Enzymes cific guidance factor. In contrast, if the hst-6 null muta-
tion is combined with either hse-5 or hst-2 null mutants,We have shown above that some neuron classes are
differentially affected by the loss of specific HS-modi- the resultant double mutants show a more severe defect
than either of the single mutants (Figure 6A). This indi-fying enzymes. The ventral cord interneuron class PVQ,
however, requires each of the enzymes for correct pat- cates that either 6O-sulfation increases the efficiency
of binding of a single factor to a C5-epimerized andterning along the midline. We asked whether the en-
zymes work in one pathway to affect PVQ midline pat- 2O-sulfated HSPG, or, alternatively, that differentially
modified domains within a single HS chain or entirelyterning (e.g., through one specific guidance factor that
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Figure 6. Double Mutant Analyses of HS-Modifying Enzymes and Signaling Pathways
(A) Genetic interactions among HS enzyme mutants. PVQ crossover phenotypes were analyzed in single and double mutants of the HS-
modifying enzymes hse-5, hst-2, and hst-6. Values for the single enzyme mutants are the same as shown in Figure 3A and are repeated for
easier comparison.
(B) Genetic interactions of HS enzyme mutants with ina-1/integrin in regard to commissural defects in D-type motorneurons and midline
crossover defects of PVQ axons. Commissural defects were assayed in a juIs76 reporter background. Since ina-1(gm144) mutants already
have a 98% penetrant PVQ crossover defect, we raised our scoring criteria and only scored “collapsed” PVQ axons, defined as animals in
which the two PVQ axons aberrantly traveled in one fascicle for at least 75% of the length of the ventral nerve cord. Based on these criteria,
the ina-1 mutant phenotype is less severe and the enzyme mutants do not display significant defects. However, a clear enhancement can be
observed in double mutant combinations.
(C) Genetic interaction of HS enzyme mutants with vab-1/Ephrin receptor in regard to patterning of PVQ axons. Values for the single enzyme
mutants are the same as shown in Figure 3A and are repeated for easier comparison. PVQ axon cross-over phenotypes in vab-1 doubles
were assayed in a oyIs14/ reporter background.
(D and E) Genetic interaction of HS enzyme mutants with slt-1/Slit and sax-3/Robo in regard to the PVQ axon crossover phenotype (D) and
to commissural defects in D-type motorneurons (E). Note that the number for the single enzyme mutants are the same as shown in Figures
3A and 4B. Some of the bars (and single mutants) are shown several times in order to allow easier comparison. PVQ axon cross-over
phenotypes were assayed in a oxIs12 reporter background.
Asterisks denote statistical significance: *p  0.05, **p  0.005, ***p  0.0005; n.s., not significant.
different HSPGs recruit a distinct set of effector mole- whether specific HS modifications contribute to specific
ligand-receptor interactions in a physiologically relevantcules that are independently required for PVQ axon pat-
terning. This latter possibility is consistent with the dif- context. We have already mentioned above that the
three HS enzyme mutants do not show phenotypic pleio-ferent focus of action of HS-modifying enzymes shown
above. tropies associated with defects in FGF, TGF, and per-
lecan function in nonneuronal contexts, yet our identifi-
cation of functions of HS modifications in the nervousGenetic Interactions between HS-Modifying
Enzymes and Other Signaling Pathways system prompted us to test interactions between
HS-modifying enzymes and known axon patterningHSPGs are thought to act as cofactors to promote effi-
cient ligand-receptor interactions (Esko and Selleck, systems.
We focused our attention on four signaling systems2002; Perrimon and Bernfield, 2000), yet it is unclear
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that have been shown to interact with HSPGs in verte- and slt-1-independent activation of sax-3 is abrogated,
yet the axonal midline defects in sax-3 null mutantsbrates and to be conserved in C. elegans, namely the
sax-3/Robo, vab-1/Ephrin, ina-1/Integrin signaling, and animals are not completely penetrant, suggesting the
presence of a parallel pathway. We find that hse-5; sax-3unc-6/Netrin systems (Baum and Garriga, 1997; Bennett
et al., 1997; Ethell et al., 2001; George et al., 1998; Hu, double mutants show an enhanced mutant phenotype in
comparison to the single mutants (Figure 6D), indicating2001; Ishii et al., 1992; Liang and Pardee, 1992; Ronca
et al., 2001; Woods and Couchman, 1998; Zallen et al., that hse-5, besides being involved in slt-1-dependent
activation of sax-3, has additional roles that are in paral-1998). None of the three HS-modifying enzymes displays
defects similar to the previously characterized sets of lel to the sax-3/slt-1 Robo system. Consistent with this
notion, hse-5 single mutants display stronger axonaldefects in unc-6/Netrin mutants, namely ventral migra-
tion of mechanosensory axons or axons in the amphid defects than slt-1 single mutants (Figure 6D).
In contrast, hst-6 appears to be acting only withinor lumbar commissure (Table 1 and data not shown),
indicating that unc-6/Netrin signaling does not require the context of sax-3/Robo signaling, since hst-6; sax-3
double null mutants do not show a statistically signifi-either HS modification in these cellular contexts.
Next, we examined vab-1/Ephrin and ina-1/integrin cant enhancement (p  0.0514) of the PVQ axon out-
growth defects compared to each single mutant alone.signaling, previously shown to affect patterning of a
selected number of axon classes in the C. elegans ner- Since hst-6 and slt-1 mutants show similar levels of
defects and since their phenotypes in the double mutantvous system (Baum and Garriga, 1997; Zallen et al.,
1999). We first tested whether these systems also affect combination are not enhanced, we conclude that in the
context of PVQ axon outgrowth, 6O-sulfation is requiredpatterning of the PVQ interneurons. We indeed find pen-
etrant axon midline crossing defects of the PVQ neurons solely for the slt-1-mediated activation of sax-3/Robo.
The interaction patterns of the HS-modifying enzymesin vab-1/Ephrin and ina-1/integrin mutants (Figures 6B
and 6C). We next asked whether the effects on PVQ and the Slit/Robo system are partly similar, yet also
distinct in the context of the L/R circumferential midlinemidline axon patterning observed upon loss of HS modi-
fications can be explained by disruptions in vab-1/ choice of the D-type motorneurons. First, the L/R cir-
cumferential choice is significantly more affected inEphrin and ina-1/Integrin. Since hse-5 and hst-2 appear
to affect similar aspects of PVQ patterning (see above), sax-3 mutants than it is in slt-1 mutants corroborating
the notion of slt-1-independent functions of sax-3 (Fig-we focused our double mutant analysis on hst-2 and
hst-6. We find that a null mutation in hst-6 is significantly ure 6E). Similar to the PVQ case, the double mutants
between slt-1 and the HS-modifying enzymes are notenhanced by combining it with mutations in vab-1/
ephrin and ina-1/integrin signaling, suggesting that a more severe than either single mutant, indicating that
in this context, slt-1 also requires C5-epimerization and6O-sulfation-dependent pathway acts in parallel to
ephrin and integrin signaling at the midline (Figures 6B 6O-sulfation. However, both hse-5 and hst-6 enhance
the null phenotype of sax-3 (Figure 6E). Thus, in PVQand 6C). Similarly, hst-2 also acts in parallel to integrin
and ephrin signaling (Figures 6B and 6C). We corrobo- neurons, a sax-3-independent pathway exists that only
relies on C5-epimerization, while the sax-3-independentrated the parallel nature of HSPG-dependent signaling
and integrin signaling also in the context of circumferen- pathway in L/R circumferential choice relies on both C5-
epimerization and 6O-sulfation.tial axon growth of D-type motorneurons (Figure 6B).
Genetic Interactions between HS-Modifying Cell Type Specificity of slt-1/sax-3
Interactions with HSPGsEnzymes and the sax-3/Robo
Guidance System Loss of sax-3 affects several other classes of neurons
outside the ventral cord, e.g., the ADL head sensoryLoss of slt-1/Slit or its canonical receptor sax-3/Robo
causes defects in correct midline patterning of PVQ neurons (Zallen et al., 1999). The ADL neurons are a pair
of amphid neurons that in contrast to the other amphidinterneuron axons (Hao et al., 2001) that resemble those
seen in HS-modifying enzyme mutants. We confirmed neurons do not enter the nerve ring via the amphid com-
missure but rather send an axon directly anteriorly to-the previously made assertion that the defects observed
in sax-3 mutant animals are much more severe than in ward the nerve ring where it branches to extend axons
ventrally and dorsally. In sax-3 mutants, ADL axons areslt-1 null mutants, indicating that sax-3 has slt-1-inde-
pendent functions (Figure 6D; Hao et al., 2001). To inves- incorrectly patterned (Zallen et al., 1999), yet sax-3’s
canonical ligand slt-1 shows no such defects (Hao ettigate whether sax-3-dependent patterning at the mid-
line requires HS modifications, we constructed a series al., 2001), providing yet another instance of a slt-1-inde-
pendent function of sax-3. Neither of the mutants in HS-of double mutants. Since hse-5 and hst-2 appear to
affect similar aspects of PVQ patterning (see above), we modifying enzymes show any defects associated with
the ADL neurons (Table 1), indicating that sax-3 is acti-focused our double mutant analysis on hse-5 and hst-6.
We find that in either hse-5; slt-1 or hst-6; slt-1 double vated in a manner independent of C5-epimerized, 2O-
sulfated, and 6O-sulfated HS chains and that the HSPG-null mutants, the defects are no more severe as com-
pared to the single mutants (Figure 6D), suggesting that dependent, sax-3-parallel pathway utilized in ventral
cord patterning has no role in amphid axon patterningslt-1 acts in the same genetic pathway as hse-5 and
hst-6. Such interaction may be direct such that SLT-1 (see summary in Figure 8).
In contrast to the differential defects in PVQ and ADLprotein may require HSPGs containing iduronic acid and
6O-sulfation of glucosamine residues to efficiently inter- neurons, slt-1 and sax-3 null mutant animals exhibit a
robust defect of comparable penetrance in the ventralact with SAX-3.
In sax-3 null mutant animals, both the slt-1-dependent guidance of the AVM touch neuron (Hao et al., 2001). We
Neuron
732
protein in the AIY context. In striking contrast, the hypo-
dermal defects elicited by ectopic expression of kal-1
throughout the nervous system (Bu¨low et al., 2002) are
affected differently. Only hse-5 is able to suppress this
phenotype but not hst-6 or hst-2 (Figure 8B). In conclu-
sion, similar to SLT-1 and SAX-3, KAL-1-dependent sig-
naling has different requirements for HS modifications
in different cellular contexts.
Discussion
HS Chain Modifications and Nervous
System Development
We have described here a comparative in vivo analysis
of the functions of HSPG side chain modifications with
Figure 7. Different Requirements for HS Modifications in kal-1-
a particular focus on nervous system development. OurMediated Signaling
analysis provides substantial in vivo evidence for the
(A) Suppression of the kal-1-induced branching in AIY interneurons
importance of the molecular diversity encoded within(Bu¨low et al., 2002). All strains contain the mgIs18 otIs76 transgenes,
HS chains. We find that different HS-modifying enzymeswhich express kal-1 under an AIY-specific promoter and visualize
AIY with an AIY-specific gfp reporter. have differential and very specific effects in nervous
(B) Suppression of hypodermal defects (Vab, variable abnormal) system development, arguing that each individual modi-
elicited by panneuronal expression of kal-1 from the otIs81 trans- fication provides information required for axon pat-
gene. The data for hst-6 and hse-5 has been previously reported terning. The enzyme with the most severe effects on
(Bu¨low et al., 2002), and the control (otIs81) has been rescored.
axonal development is the C5-epimerase hse-5. In at
least one case, it is only C5-epimerization, but not 2O- or
6O-sulfation, that affects axon development of a specifictherefore tested whether HS-modifying enzymes have
neuron class, while other neuron classes require C5-similar defects in ventral guidance of the AVM neuron
epimerization together with 2O-sulfation or C5-epimeri-and find no defects in hse-5, hst-2, or hst-6 null mutants
zation with 2O- and 6O-sulfation for axonal development(Table 1). We conclude that slt-1 signaling presumably
(Table 1). We also find one case, the migration of the HSNthrough sax-3 does not require either modification for
neurons, in which only the 2O-sulfotransferase hst-2 hascorrect development of the AVM neuron. Thus, SLT-
severe effects but not hse-5 or hst-6. Double mutantdependent signaling through sax-3 has different require-
analysis furthermore reveals that within one specific cel-ments for HS modifications in different cellular contexts
lular context examined in detail, some modifications(Figure 8).
have inseparable activities (C5-epimerization and 2O-
sulfation in the context of PVQ axon development), whileGenetic Interaction between HS-Modifying
other modifications appear to have independent func-Enzymes and kal-1/Anosmin-1
tions (6O-sulfation). Differently modified HS chains maykal-1 codes for a secreted extracellular matrix protein
either recruit distinct sets of effector molecules, or, alter-with functions in axonal and hypodermal patterning (Bu¨-
natively, one single effector molecule invariably requireslow et al., 2002; Rugarli et al., 2002). Its vertebrate or-
two modifications and only requires the third modifica-tholog Anosmin-1, mutated in Kallmann’s neurological
tion for more efficient recruitment.syndrome, has similar functions in axonal patterning
(Soussi-Yanicostas et al., 2002). Although it is not known
through which receptor system kal-1/Anosmin-1 affects HS Modifications Differentially Modulate Defined
Signaling Pathwaysaxon development, it has been reported that the in vitro
binding of both the vertebrate and the worm protein to Through the analysis of null and gain-of-function alleles
in various combinations, we have been able to link thecells requires HS of uncharacterized modification pat-
terns (Bu¨low et al., 2002; Soussi-Yanicostas et al., 1996). activity of HS-modifying enzymes to two specific signal-
ing pathways, the C. elegans homologs of the SLT-1/We have previously shown that expression of kal-1 in
the AIY interneuron class induces a completely pene- Slit and KAL-1/Anosmin-1 signaling systems. While in
vitro evidence has previously suggested the require-trant and highly specific axon branching phenotype in
these interneurons, which can be suppressed by a muta- ment of HSPGs for Slit function (Hu, 2001; Liang et al.,
1999; Ronca et al., 2001), physiological evidence for thistion in hst-6 (Bu¨low et al., 2002). Using the newly identi-
fied null allele of the 6O-sulfotranferase hst-6, we con- notion has been lacking and is provided in this report.
Intriguingly, we find that HSPG modifications are re-firmed the requirement of hst-6 for kal-1 to exert its
effect on axon branching (Figure 7A). Similarly, the C5- quired for slt-1/sax-3 function in some but not in all
developmental contexts (Figure 8A). Similarly, the KAL-1epimerase hse-5 is also required for kal-1-induced axon
branching (Figure 7A; Bu¨low et al., 2002). Intriguingly, protein, which like SLT-1 is involved in regulating axon
development, requires a distinct combination of HS-animals completely lacking the 2O-sulfotransferase
hst-2 have only minor effects on the AIY branching phe- modifying enzymes in different developmental contexts
(Figure 8B). Lastly, our mutant analysis reveals the exis-notype (Figure 7A), indicating that HS that contains idur-
onic acid and 6O-sulfate groups but not 2O-sulfate tence of at least one pathway of axon patterning at the
midline that is independent of sax-3, yet dependent ongroups is essential for signaling mediated by the KAL-1
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Figure 8. Differential HS Modifications Are
Required for Efficient Signaling in Different
Cellular Contexts
(A) Signaling through the receptor SAX-3/
Robo. In different cellular contexts, activation
of SAX-3/Robo through SLT-1/Slit has differ-
ent requirements for HS modifications. While
pathways in parallel to sax-3 exist in AVM and
ADL (Zallen et al., 1999; Yu et al., 2002), our
results show that they do not utilize the HS
secondary modifications that we analyze
here.
(B) Different HS modification patterns are re-
quired for KAL-1-mediated signaling in differ-
ent cellular contexts.
different sets of HS modifications in different cellular ogy. For example, histones are secondarily modified
involving acetylations, phosphorylations, and methylcontexts (Figure 8). It is possible that this parallel path-
way(s) involves Ephrin and Integrin signaling as we dem- transferase reactions. These modifications have been
suggested to regulate the order and timing of assemblyonstrate with our analysis of PVQ axon patterning. If
each of the three systems, Robo, Ephrin, and Integrin, of the transcriptional machinery regulating transcription,
leading to the proposition of a “histone code” (Strahlrequires HSPG modification, then the double mutant
combination of each single signaling system with a and Allis, 2000). Similarly, the phosphorylation patterns
of receptor tyrosine kinases have been suggested toHSPG-modifying enzyme would yield the enhancement
phenotype that we indeed observe. modulate the differential assembly of intracellular sig-
naling components, thereby regulating specific down-Our finding that defined signaling molecules require
distinct HS modification in different cellular contexts stream signaling pathways (Schlessinger, 2000; Schreiber
and Bernstein, 2002). In both cases it is believed thatadds an additional level of complexity to signaling speci-
ficity in the nervous system. We propose the existence the modifications define a code that ultimately controls
local protein concentrations, thereby facilitating or pre-of different HS-dependent signaling “cassettes”. For ex-
ample, KAL-1 working with coligand X in a specific cellu- venting certain downstream events (Schreiber and Bern-
stein, 2002). We can envision the existence of a concep-lar context may involve the recruitment of these two
proteins by one set of modified HS chains, while KAL-1 tually similar “heparan sulfate code.” HS modifications
may be differentially introduced in a region-specificworking with coligand Y in another cellular context may
involve the recruitment of KAL-1 and Y by a differentially manner, a notion supported by our expression pattern
analysis, by our tissue-specific rescue approaches, bymodified HS chain (Figure 8B). The pairing of KAL-1
with X or Y may in fact be dictated by the regional expression pattern analysis of vertebrate HS-modifying
enzymes, and by biochemical analysis of HS composi-composition of the HS code, thus translating the HS
complexity in the ECM to an interpretable output for tion in vertebrates (Feyzi et al., 1998; Lindahl et al., 1995).
Additional regional specificity in HS modification pat-axonal surface receptors. In vitro studies on binding
of different FGFs to different FGF receptors has also terns may be brought about by differential modifications
of potentially selectively expressed core proteins, suchsuggested an instructive role of HS in determining li-
gand/receptor specificities (Chang et al., 2000; Guimond as glypican or syndecan. Differentially modified domains
of HS could then provide a molecular identifier (“code”)and Turnbull, 1999; Ostrovsky et al., 2002). Thus, our in
vivo data combined with these in vitro studies indicate to these regions. This code could then be read out
through the recruitment of specific sets of signaling cuesthat the complexity of nervous system development is
not only determined by the presence of a select number (Figure 8), which ultimately dictate the path of axonal
and cellular migration.of signaling molecules that act in a combinatorial man-
ner (Yu and Bargmann, 2001) but is also determined by
the molecular complexity embedded within a structure Experimental Procedures
originally thought to merely provide structural support,
Strainsthe extracellular matrix.
Mutant strains used in this study are OH1421 hst-6(ok273), OH281
mgIs18; lon-2(e678) hst-6(ot17), OH1876 hst-2(ok595), OH136 hse-
The HS Code Hypothesis 5(ot16), OH1487 hse-5(tm472), CX3198 sax-3(ky123), CX5000 slt-
Molecular diversity created by secondary modifications 1(eh15), CZ337 vab-1(dx31), and NG144 ina-1(gm144). The kal-1(gf)
trangenic strains are OH2374 otIs76 mgIs18IV and OH2375 otIs81.of modular biopolymers is an emerging scheme in biol-
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Note Added in Proof
The GenBank accession numbers for hst-2 and hse-5 are AY552606
and AY552607, respectively.
